For modern color-rendering applications, efficient blue, green, and red LEDs are required. While efficient green and red perovskite LEDs have been demonstrated, blue devices lag significantly behind due to the poor quality of chloride-based perovskites. Here, we show that doping manganese into blue perovskite nanocrystals increases their brightness and efficiency. By putting doped nanocrystals into LEDs, we see a 4-fold increase in efficiency, demonstrating that blue LEDs can be as efficient as their red and green cousins. 
INTRODUCTION
Perovskites have become one of the most exciting material systems over the past several years due to their low cost, solution processability, and high-quality electronic properties. 1, 2 Rapid research has led to high-efficiency light-emitting diodes (LEDs) 3, 4 and solar cells, 5, 6 demonstrating that these promising materials can translate directly into high-performance device applications. Lead-halide perovskite materials take the form ABX 3 , where A is typically the organic cation methylammonium, formamidinium, or the inorganic cation cesium, B is lead, and X is chloride, bromide, iodide, or a combination of the three. One of the unique and attractive properties of this system is that the bandgap can be tuned by adjusting the halide composition, from the deep blue chloride to the near infrared iodide. When considered in the context of LEDs, this means that multi-color systems such as white should be achievable by a combination of chemical compositions.
Of particular recent interest are perovskite nanocrystals, which are nanocrystalline grains of perovskite material surrounded by organic ligands. These materials are easily synthesized and demonstrate high photoluminescence quantum yield (PLQY). 7 Red and green LEDs based on these nanocrystals have shown strong performance, with external quantum efficiencies reaching over 5% for red and 10% for green. [8] [9] [10] [11] [12] [13] [14] For the achievement of white light and accurate color renderings in real-world applications, however, efficient blue LEDs are also required, but the efficiency of blue materials has lagged far behind.
Context & Scale
Light-emitting devices have become an integral part of our society, and new technologies such as organic light-emitting diodes (OLEDs) have come to dominate the market, yet their high cost has held them back from truly ubiquitous deployment. Perovskites have the potential to fill that gap, as they are inexpensive and have a straightforward synthesis that leads to bright materials with sharp linewidths. To compete with OLEDs, efficient blue, green, and red LEDs are required. Green and red LEDs have been shown to be efficient, but blue efficiencies have failed to keep up. Here, we add manganese to the perovskite crystal lattice, increasing brightness and allowing for efficient blue LEDs. By adding perovskite downconverters to the front, we are further able to build an all-perovskite white LED that could eventually be used for room lighting.
It is well understood that the PLQY of perovskite materials is dramatically lessened as the energetics blue-shift. 15 Great progress has been made in the sky-blue region around 480-490 nm emission, with quantum efficiencies as high as 2.6%. 8, 16 To meet the National Television System Committee (NTSC) standard, however, blue LEDs must emit at approximately 470 nm or bluer. Only a handful of inorganic perovskite nanocrystal LEDs have been shown to work in this regime, with highly reduced efficiencies relative to greener devices. 11 Song et al. fabricated a bright-blue LED with a 455-nm emission peak and an external quantum efficiency (EQE) as high as 0.07%. 17 Yao et al. utilized solvent engineering techniques to achieve a bright LED with a 470-nm emission peak and maximum EQE of 0.07%. 18 Recently, we discovered that the device structure plays an important role in the low performance of the materials and designed transport layers to rectify the issue. 19 With these layers in place, we saw an increase in EQE from 0.03% to 0.50%. 19 After further evaluation, we found that this 0.50% value was fundamentally limited by the photoluminescence quantum yield of the material, which we measured in thin films at 9%, likely limited by non-radiative defects present in higher-bandgap perovskites. 20 Of the possible 20%-25% EQE theoretically available from a vertically structured LED, 21 a huge fraction is lost from this low photoluminescence yield in the nanocrystals. Clearly, a solution to this efficiency ceiling must be found in order for these materials to become commercially relevant.
Over the past year, manganese (Mn) doping of perovskite nanocrystals has been demonstrated to provide several key benefits to the material. Initially developed as a magnetic dopant, these Mn-doping sites proved to be highly efficient emitters in their own right. 22, 23 Excitons generated in the nanocrystal quickly energy transfer to the Mn ions, 24 where they efficiently emit with orange-red color and high yield, with an extremely long emissive lifetime. 25 Later, it was demonstrated that the addition of Mn ions enhances the stability of CsPbBr 3 nanocrystals in a green LED. 26 Interestingly, despite focusing on the Mn energy transfer and emission, most papers noted a significant increase in the blue perovskite PLQY, a surprising effect indicating that the benefits of Mn doping might extend beyond magnetic nanocrystal applications.
To take advantage of these materials, we needed first to find a way to increase the PLQY of the perovskite without inducing a Mn-emission peak, which would ruin the color purity of the LED. To do so, we carefully tune the Mn doping inside the perovskite nanocrystal. By adding only a small amount of dopant, we increase the PLQY of the nanocrystal thin films by over 3-fold while crucially maintaining robust and pure blue electroluminescence. The doping increases the photoluminescence lifetime and brightness while slightly reducing the Urbach energy, pointing toward a reduction in trap states. We then construct pure blue LEDs and observe an increase in EQE from 0.50% to 2.12%, neatly following the PLQY gains. The devices demonstrate higher brightness and narrower emission bandwidth than the undoped control devices, with a pure blue spectrum that meets the NTSC requirement. Finally, we demonstrate the first all-perovskite white LEDs with a wide color gamut by utilizing red and green perovskite nanocrystals as optical downconverters at the front of the LED.
suppressed when attempting a bromide-rich synthesis, indicating a synthetic or thermodynamic limit of doping Mn in a Br-rich perovskite. In a typical one-step hot-injection synthesis, the Mn-doping concentration was saturated at 0.09%, and the Mn emission was barely observed in a Cl/Br-alloyed perovskite with the emission peak at 468 nm ( Figure 1C , curve of 0.09%), which is consistent with previous reports. 22 To overcome this limitation, we adopt a two-step sequential synthesis approach utilizing both thermodynamic and kinetic processes. That is, we first synthesize Cl-rich perovskite nanocrystals with high Mn concentration by hot injection and then kinetically exchange Cl À with Br À at room temperature to align the emission peak to our targeted perovskite emission of 467-470 nm. We note that exchanging from Cl/Br-alloyed nanocrystals, instead of pure Cl-based nanocrystals, 27 avoids excess anion exchange and purification processes, minimizing damage to nanocrystals. This two-step sequential synthesis approach allows us to increase Mn-doping concentration up to 16-fold, from 0.09% to 1.50%, while maintaining an emission peak of approximately 468 nm and strong optoelectronic properties. The emergence of a new broad photoluminescence peak due to exciton-to-dopant The photoluminescence of our final set of nanocrystals in solution can be seen in Figure 1C , normalized to the exciton peak around 470 nm. Unsurprisingly, an increase in Mn concentration leads directly to an increase in Mn emission around 600 nm, reaching a maximum of approximately 26% of the perovskite peak for our materials. This Mn peak is less evident in thin films of nanocrystals such that it is only apparent in the most heavily doped samples (see Figure S3 ).
The benefits of Mn doping can be clearly seen in Figure 2 . We quickly noticed that the brightness of spuncast films of these materials varied immensely with Mn doping.
In Figure 2A , we measure the PLQY of the 470-nm perovskite peak of thin films of nanocrystals. The undoped films gave a yield of only 9%, but the moderately doped films increased to as high as 28% for the 0.19% doped sample. We hypothesize that the roll-off in PLQY for higher doping levels is due to energy transfer to the Mn ions, followed by eventual long-lived emission. Indeed, significant Mn luminescence is observed for the most heavily doped thin film sample. The Mn-doping level is therefore a crucial balance for these blue materials: too little and the gains are limited, too much and the Mn ions themselves act as a decay pathway.
To understand the source of this luminescence gain, we first measured the timeresolved photoluminescence decay. The samples were excited by a 379-nm 81-ps laser and measured with a streak camera; traces were integrated across the nanocrystal emission wavelength around 470 nm to give the curves in Figure 2B (see Supplemental Information for more information). The traces neatly match the PLQY in Figure 2A : light doping shows a significant increase in emissive state lifetime before additional Mn introduces a new decay pathway, reducing the lifetime at higher doping levels as the energy transfers to the Mn ions. At the lower doping levels, the brightness increase combined with the longer lifetime paints the picture of a reduction in trap-state densities.
To investigate further, we measure the Urbach energy of the absorption tail using UV-visible absorption spectroscopy. 28 Typically, one would expect a larger Urbach energy as dopants are added and contribute to the tail absorption. 29 With these materials, however, we observe a roughly constant or even slightly reduced Urbach energy, with the undoped control giving 17.4 meV and the Mn-doped samples reaching as low as 14.7 meV. Based on the slightly reduced Urbach energy, higher lifetime, and greater PLQY in the presence of Mn, we conclude that the addition of a small amount of Mn to these nanocrystals passivates trap states, reducing the non-radiative decay.
To further understand the improvements in the material, we use X-ray diffraction (XRD) as shown in Figure 3A . The XRD patterns are similar for all Mn dopings, indicating an orthorhombic crystal structure, consistent with previous results in the literature. 22, 26 We observe a slight shift in the diffraction peak along the (202) plane at 31 , indicating a lattice contraction as the smaller Mn replaces the larger Pb. Interestingly, this effect saturates at the same Mn concentration (0.19%) that gives us the maximum PLQY and above which Mn emission becomes much more dominant.
We next turn to device fabrication to identify the engineering benefits of this material improvement. Previously, we demonstrated that a poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)/TFB (poly(9,9-di-n-octylfluorene-alt-(1,4-phenylene-(4-sec-butylphenyl)imino)-1,4-phenylene))/PFI (Nafion, perfluorinated ionomer) hole transport layer (HTL) allowed for much higher quantum efficiencies at these blue wavelengths. 19 We fabricate devices in a similar way, which can be briefly summarized as follows. PEDOT:PSS, TFB, and PFI are sequentially spun onto a cleaned indium tin oxide (ITO)-on-glass slide, with an anneal between each spin step. The synthesized nanocrystals are then spuncast onto the HTL. The slides are transferred to a thermal evaporator where 40 nm of TPBi, 1.1 nm of LiF, and 60 nm of aluminum are evaporated on top, defining a 2-mm diameter device. The device structure can be found in Figure 4A ; the details of the fabrication are given in Supplemental Information.
The electroluminescence spectra of the devices are presented in Figure 4B . All samples show pure blue emission from the perovskite emitter layer only (see Figure S6) . Emission from the Mn peak was not observed from any samples; we hypothesize that the very long emissive lifetime saturates the emission in such a thin layer (see Supplemental Information for a further discussion of the Mn-emission quenching). The TFB underlayer seems to reduce Mn emission as well ( Figure S5 ). Thus, we are able to use mild doping to achieve performance enhancement without sacrificing color purity. Increasing Mn content leads to a sharp reduction in the full width at half maximum (FWHM) of the emission peak to as low as 17.1 nm. This is likely due to the increased monodispersity of the nanocrystals, as can be seen in Figure 3B . Indeed, by monitoring the emission spectrum as a function of time with a streak camera, we can clearly see a red shift in emission peak in the first few nanoseconds in the undoped samples, which disappears in the Mn-doped nanocrystals (see Figure S4) , correlating with the reduced FWHM. This red shift in undoped nanocrystals is greatly reduced in solution, indicating that it is likely inter-nanocrystal energy transfer from polydispersity, 32 although further study of this phenomenon is required. See Table 1 for the FWHM of all synthesized samples.
In Figure 4C we present the J-V-L (current density-voltage-luminance) characteristics for these devices. The Mn again provides a number of benefits, showing a reduction in the turn-on voltage of around 1 V and stronger brightness under all voltage conditions. The devices demonstrate a maximum brightness of 389 cd/m 2 for the 0.25% Mn content device, over three times brighter than the best undoped control. and Yao et al. 18 PFI is represented as bandbending to a deeper work function, as it has been previously demonstrated to increase the surface work function. 30, 31 The energy levels of the nanocrystals are determined from XPS. The benefits of the Mn doping can be even more clearly recognized by examining the EQE ( Figure 4D ). We observe up to a 4-fold improvement in EQE with the 0.19% Mn doping, reaching a maximum of 2.12%, which, to the best of our knowledge, is the highest value at this wavelength range for perovskite nanocrystals. The 0.25% Mn sample also showed strong EQE, reaching as high as 1.46%. These high quantum efficiency values closely track the overall improvement in PLQY and lifetime (see Table 1 ), demonstrating that these material improvements translate directly to strong engineering value. Furthermore, the devices maintain good efficiency at application-level brightness, with the 0.25% Mn device demonstrating an EQE of 1.15% at brightness above 100 cd/m 2 .
These high-performance devices allow for previously inaccessible technologies such as white perovskite LEDs to be achieved. To further demonstrate this, we construct white LEDs as shown in Figure 5 . On the other side of the glass substrate of our efficient blue perovskite LEDs, we place red and green downconverters made from perovskite nanocrystals. These absorb a portion of the blue light and re-radiate it at the longer wavelength, allowing for red, green, and the partially transmitted blue light to reach the eye. When these are properly calibrated, the eye sees white light.
To build our downconverters, we synthesize red and green cesium lead-halide perovskite nanocrystals. The nanocrystals are then suspended in a 200 mg/mL polyisobutylene-in-toluene mixture and poured onto a glass slide. The film is allowed to dry overnight, yielding a rubber film that downconverts to the appropriate color (see inset in Figure 5B ). Further details of the synthesis can be found in Supplemental Information. This approach allows for easy fabrication and tuning as well as the prevention of halide exchange between nanocrystals, a common problem in these materials. 15 Once appropriately tuned, we can measure the properties of the entire structure as a single LED, yielding the spectrum shown in Figure 5B . The transmitted blue electroluminescence is observed at 469 nm, consistent with the devices in Figure 4 . The downconverted peaks are evident at 511 and 627 nm, closely matching the photoluminescence measured on the downconverters individually (dashed lines). The device gives off white emission by eye and camera (see inset in Figure 5E ).
With the spectrum in hand, we can calculate the color coordinates of the device. The CIE spectrum represents the colors seen by the human eye (see Figure 5C ). White occupies the center of this plot at a value of (0.33, 0.33). This white device is close to this true white value, with a CIE coordinate of (0.311, 0.326). Furthermore, we examine the coordinates of the blue device and show that it achieves a coordinate of (0.127, 0.077), meeting the crucial blue NTSC standard of (0.14, 0.08). When combined with the downconverters, we can cover a large percentage of the CIE plot, represented by the white triangle. The white LED has a color-rendering index of 10. We note that this low value can trivially be improved by inclusion of a higher number of downconversion nanocrystal wavelengths.
Finally, we can measure the efficiency of the overall white LED structure. The J-V-L curves are presented in Figure 5D , and the EQE curve in Figure 5E . The device peaks at a luminance of 102 cd/m 2 and an efficiency of 0.25%. When compared with the base blue device, we see a reduction of approximately 10-fold in efficiency. This value agrees well with the measured PLQY of the downconverters (67% and 85% for green and red, respectively) and the significant waveguide losses in the rubber films. Future work must focus on increasing the outcoupling of the downconverter films, whether by roughening the surface or adding scatterers to the rubber. These films are fairly stable to illumination (see Figure S9 ). Overall, this LED demonstrates the versatility of these inexpensive, bright, and easily synthesized perovskite materials. Stability remains a significant concern for perovskite LEDs, as most decay within seconds or minutes. 33 In particular, blue devices have demonstrated poor stability, as their higher energetics and mixed halide character has led to both rapid degradation and color shifting under bias. 34 We observe both effects on our control device (see Figures S7 and S8) . The Mn doping, in addition to the high opto-electronic benefits demonstrated here, allows for moderate improvements in operational stability with a significant increase in spectral stability, as seen in Video S1. Recent work has shown color shifts due to ion migration to be tied to halide vacancies and defects, 35 and thus we hypothesize that the better color stability in the Mn materials arises from the same defect reduction observed in Figure 2 . Although a step forward, much work remains to be done before these materials are stable enough for commercialization.
In this work, we have synthesized Mn-doped blue perovskite nanocrystals. We have demonstrated that the Mn dopant provides strong benefits to the material, increasing the emissive lifetime and photoluminescence quantum yield while reducing the trap states, as reflected in a slight reduction of Urbach energy. Finally, we have fabricated NTSC blue and white LEDs, clearly demonstrating the commercial value of these materials. Mn doping provides a straightforward way to increase the performance of blue-emitting perovskite nanocrystals, allowing for a variety of new and exciting applications for these materials.
EXPERIMENTAL PROCEDURES
All chemicals were purchased from Sigma-Aldrich unless otherwise specified.
For preparation of cesium-oleate (Cs-oleate) precursors, 0.814 g of cesium carbonate (Cs 2 CO 3 , purity 99.9%), 40 mL of octadecene (purity 90%), and 2.5 mL of oleic acid (purity 90%) were loaded into a 100-mL flask, dried under vacuum at 120 C for 1 hr, and heated to 150 C under nitrogen (N 2 ) protection, yielding a clear solution. The solution was cooled to room temperature for storage, and reheated up to 100 C under vacuum before use.
For synthesis of undoped perovskite nanocrystals, 165 mg of PbBr 2 (0.450 mmol, purity 98%), 83.6 mg of PbCl 2 (0.301 mmol, purity 98%), 20 mL of octadecene, 2 mL of oleylamine (purity 98%), 2 mL of oleic acid, and 2 mL of trioctylphosphine (purity 97%) were loaded into a 100-mL three-neck flask, dried under vacuum at 130 C for 45 min, and heated to 150 C under stirring.
The yielded clear solution was heated to 165 C under N 2 protection, after which 1.7 mL of pre-heated Cs-oleate precursors was swiftly injected into the solution. After reacting for 10 s, the product was cooled to room temperature in an ice/water bath.
Synthesis of low Mn 2+ -doped perovskite nanocrystals (0.09% nomenclature)
involved loading 210 mg (0.572 mmol) of lead(II) bromide (PbBr 2 , purity 98%), 50 mg of manganese(II) chloride (MnCl 2 , purity 99.999%), 20 mL of octadecene, 2 mL of oleylamine (purity 98%), 2 mL of oleic acid, and 2 mL of trioctylphosphine (purity 97%) into a 100-mL three-neck flask. This was dried at 130 C for 45 min and heated to 150 C under vacuum. The yielded solution was then heated to 165 C under N 2 protection, after which 1.7 mL of pre-heated Cs-oleate precursors was rapidly injected into the solution. After having reacted for 10 s, a crude product was cooled to room temperature in an ice/water bath.
Synthesis of high Mn 2+ -doped perovskite nanocrystals (0.19%, 0.25%, 1.50% nomenclature) was the same as for the low-doped synthesis, except more MnCl 2 was used (70, 80, or 90 mg of MnCl 2 precursors for 0.19%, 0.25%, and 1.50% doping concentrations, respectively). A blue shift of the perovskite emission peak was observed, which required alignment back to 468 nm by Br À post-exchanging as described below.
The blue emission shift of nanocrystals was aligned by exchanging the as-synthesized colloidal nanocrystal solution with PbBr 2 stock solution. PbBr 2 stock solution was prepared by mixing 2.2 g of PbBr 2 (6 mmol), 50 mL of octadecene, 2 mL of oleylamine, and 2 mL of oleic acid in a 100-mL flask at 130 C under vacuum for 40 min, after which it was cooled down to room temperature. The amount of PbBr 2 stock solution used was carefully adjusted by tracking the fluorescent emission peak with a spectrometer (Ocean Optics QEPro). As an example, 0.7 mL of PbBr 2 stock solution was used to align the emission of the nanocrystals prepared with 70 mg of MnCl 2 at 468 nm. The 0.19% Mn nanocrystals achieved a PLQY of 44% in solution. See Table S1 for composition of the different nanocrystal series.
For purification of the perovskite nanocrystals, an equal volume of anhydrous ethyl acetate (purity 99.8%) was added to an aforementioned crude product to precipitate the nanocrystals. After centrifuging at 4 krpm (kilorevolutions per minute) for 5 min, the precipitate was dissolved in 10 mL of anhydrous hexane (purity 95%). The nanocrystals were washed again in anhydrous ethyl acetate (volume ratio of ethyl acetate/ hexane 2.2:1), centrifuged at 7 krpm for 5 min, and redispersed in 8 mL of octane or hexane. This yielded a solution of approximately 16 mg/mL, which was diluted to 11 mg/mL before use in devices. The solution was filtered by polytetrafluoroethylene (PTFE) filter (0.2 mm) before use.
For synthesis of downconversion green perovskite nanocrystals, 276 mg of PbBr 2 (0.752 mmol, purity 98%), 20 mL of octadecene, 2 mL of oleylamine (purity 98%), and 2 mL of oleic acid were loaded into a 100-mL three-neck flask, dried under vacuum at 130 C for 40 min, and heated to 150 C under stirring. The yielded clear solution was heated to 184 C under N 2 protection, after which 1.7 mL of pre-heated Cs-oleate precursors was swiftly injected into the solution, which turned to a yellow color immediately. After reacting for 5 s, the product was cooled to room temperature in an ice/water bath. Before preparing the green downconversion film, the crude nanocrystal products were purified by centrifuging at 7 krpm for 10 min and then dispersed in 5 mL of hexane.
For synthesis of downconversion red perovskite nanocrystals, 108.8 mg of PbBr 2 (0.296 mmol, purity 98%), 208.2 mg of PbI 2 (0.452 mmol), 20 mL of octadecene, 2 mL of oleylamine (purity 98%), and 2 mL of oleic acid were loaded into a 100-mL three-neck flask, dried under vacuum at 130 C for 40 min, and heated to 150 C under stirring. The yielded clear solution was heated to 184.5 C under N 2 protection, after which 1.7 mL of pre-heated Cs-oleate precursors was swiftly injected into the solution. After reacting for 5 s, the product was cooled to room temperature in an ice/water bath. The crude nanocrystal products were purified by centrifuging at 7 krpm for 10 min and then dispersed in 5 mL of hexane.
For fabrication of the downconverting layers, polyisobutylene (M W $500,000) was mixed at 200 mg/mL in toluene and heated at 90 C overnight until a viscous, uniform solution was obtained, 2 mL of which was added to a 7-mL glass vial, wherein 300 mL of the green nanocrystal solution or 100 mL of the red nanocrystal solution was added. The solution was stirred thoroughly with a spatula until uniformly mixed. The vial was left to sit for 2 hr until the bubbles disappeared and was then poured slowly onto a glass slide. This was then allowed to dry overnight in a N 2 environment. The rubber films could then be cut and stacked to achieve a specific color goal. For the white LED, three red and seven green films were stacked to achieve the appropriate amount of downconversion.
For fabrication of the white LED, the previously mentioned downconverting layers were placed on a 0.7-mm glass slide. The edges were wrapped with black tape to prevent any wave-guided light from being collected. The slide was then combined with the blue LED such that the glass slide was in contact with the green downconverters, with the red downconverter on top of the green. The red downconverters were placed directly against the glass face of the blue LED. Measurements of efficiency then proceeded as usual.
For fabrication of the blue LEDs, we followed our previously established procedure, which we briefly repeat here. Nafion perfluorinated resin solution 5 wt% in lower aliphatic alcohols and water (PFI), LiF (evaporation grade), and aluminum were purchased from Sigma-Aldrich and used as received. ITO substrates, TPBi, and TFB were purchased from Luminescence Technology and used as received. PEDOT:PSS was purchased from Heraeus (Clevios P VP AI 4083) and used as received.
ITO patterned glass was solvent cleaned by sonication in Micron-90 detergent, 23 water, 23 acetone, and soaking in boiling isopropanol for 10 min per step. They were dried under blowing air and treated with O 2 plasma at 200 W using 0.5 Torr O 2 gas for 5 min. PEDOT:PSS was spuncast through a 0.4-mm polyvinylidene fluoride filter at 4,000 rpm for 45 s (ramp of 2,000 rpm/s) in air, and annealed at 140 C for 30 min in a N 2 environment. After cooling, a TFB (4 mg/mL in chlorobenzene) layer was spuncast at 3,000 rpm for 45 s (ramp of 2,000 rpm/s), and annealed at 140 C for 20 min. A thin layer of PFI (0.05 wt% in isopropanol) was then spuncast at 3,000 rpm for 45 s and dried at 145 C for 10 min. On top of these layers, perovskite nanocrystals in octane were spuncast. The nanocrystal layer was approximately 20-25 nm thick. These films were then transferred to an evaporation chamber, where 40 nm TPBi, 1.1 nm LiF, and 60 nm Al were deposited at 6 3 10 À6 mbar at 2 Å /s, 0.2 Å , and 3 Å /s, respectively. Devices were unpackaged and measured in air.
For transient measurements, samples were excited by a 379-nm laser from Hamamatsu (C10196) with an 81-ps pulse width. Optical density filters were used to reduce the excitation intensity. The excitation was incident at a 45 angle to the glass face. The photoluminescence was collected with a 25.4-mm focal length lens normal to the glass face. It was focused through a 400-nm longpass filter into an SP2150i spectrograph coupled to a Hamamatsu C10627 streak unit and C9300 digital camera. Data were integrated across the nanocrystal emission wavelength to obtain the curves presented in Figure 2 .
For device characterization, EL spectra were taken with an Ocean Optics QE Pro with 1 mA or 500 mA sourced to the device from a Keithley 2400. Current-voltage and EQE characteristics were measured with an HP 4145A with a calibrated half-inch ThorLabs photodetector physically held just above the face of the device, negating the need for a geometric correction. The device (1 mm radius) was much smaller than the photodetector (9.7 mm). The photodetector was smaller than the glass slide (12.2 mm), which, combined with the black material construction of the EQE holder, blocks the collection of wave-guided light, preventing overestimation of the EQE. 36 Luminance was calculated from the J-V-L curves and the spectra of the device.
Materials Characterization
Morphologies of the perovskite nanocrystals were characterized by a JEOL ARM 200F STEM (80 kV). Elemental mapping was characterized by a transmission electron microscope (JEOL 2100, 120 kV). UV-visible absorption spectra were recorded by a PerkinElmer Lambda 25, and the photoluminescence spectra were collected by an Ocean Optics spectrometer (QE Pro) pumped by a 365-nm LED source. XRD was acquired by a Bruker D2 Phaser.
For measurement of the PLQY of the samples, we followed the method pioneered by de Mello et al. 37 In brief, the luminescence with the sample in the beam, with the sample out of the beam, and the beam without the sample are all measured in an integrating sphere. From these measurements the PLQY can be accurately calculated. The PLQY was measured on thin films of the same nanocrystals used in the devices. All optical components, including the sphere, were calibrated against a calibrated Newport photodetector.
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